| INTRODUCTION
Following its identification in the Zika forest in Uganda in 1947, the mosquito borne flavivirus Zika virus (ZIKV) migrated until arriving and quickly spreading in northeastern Brazil and other regions of the country in 2015 (Brasil, Calvet, et al., 2016; Campos, Bandeira, & Sardi, 2015; Dick, 1952) . The ZIKV has now been recognized as being present in most countries in North America, the Caribbean, and Latin America, with strong evidence of vertical transmission during all three trimesters of pregnancy (Fauci & Morens, 2016) . Astute clinicians in Northeast Brazil initially observed an increase in the number of cases of congenital microcephaly in their cities. This was followed by their hypothesis that prenatal infection by the ZIKV could be causative and led the Brazilian Ministry of Health (MoH) to recommend official ascertainment, surveillance, and expert evaluation of all notified cases (PAHO, 2015) .
In December 2015, the Brazilian Society of Medical Genetics (SBGM in Portuguese) established the SBGM Zika Embryopathy Task Force (SBGM-ZETF) in order to describe the phenotype of incident cases of prenatal ZIKV infection, understand the mechanisms leading to the observed features, and collect data on the natural history of the disorder. At the end of January 2016, the main clinical and phenotypic findings in 35 infants, including physical, neurologic, and neuroimaging features, were briefly reported, suggesting a specific phenotype for these infants that included but also extended beyond microcephaly (Schuler-Faccini, Ribeiro, et al., 2016) . More recently, brain imaging findings have been described in detail and appear to include a characteristic neuroanatomic profile (Brasil, Pereira, Moreira, et al., 2016; de Fatima Vasco Aragao et al., 2016; Guillemette-Artur, Besnard, Eyrolle-Guignot, Jouannic, & Garel, 2016; Hazin et al., 2016; Soares de Oliveira-Szejnfeld et al., 2016) . Ocular involvement has also been described in detail (de Paula Freitas et al., 2016; Miranda et al., 2016; Ventura, Maia, Bravo-Filho, Góis, & Belfort, 2016; Ventura, Maia, Travassos, et al., 2016; . Recent comprehensive reviews have synthesized the existing evidence regarding the multiple clinical components of Congenital Zika Syndrome (De Barros Moore et al., 2016) . These major components, also reflected in the findings outlined in this manuscript, include dysmorphic features and contractures, altered neurologic function, changes in brain structure, and ocular lesions.
This study reports data collected on 83 children with presumed or confirmed ZIKV congenital infection. We describe the observed phenotypic range in these infants, analyze and discuss in greater detail the dysmorphic and neurologic findings, and attempt to explain their pathogenesis. We identified a distinct yet variable phenotype that should be clinically recognizable in new cases of the infection, and guide confirmatory testing including brain imaging, viral, and serologic studies.
| METHODS

| Study oversight
A multi-center protocol for the investigation of the phenotype was approved by the Brazilian National Ethics Committee under the registration CAEE 56176616210015327. All participants provided full written informed consent for data collection and registration. Most additionally consented to photographic and video documentation for review and publication.
| Study population
More than 200 patients with head circumference (HC) ≤33 cm were registered and examined by the SBGM-ZETF. Of these, only those 83 liveborn infants with brain imaging (CT scan and/or MRI) consistent with ZIKV prenatal infection were included in the final analysis. The rest were excluded either because they had normal HC and normal postnatal exam and development, or because another cause of microcephaly was suspected or identified. Additionally, 49 cases were excluded because the available documentation, particularly brain imaging, was not considered sufficient. The HC cut-off criterion for enrollment (HC ≤33 cm) followed the December 2015 first version of the protocol of the MoH in Brazil for ascertainment. The registered infants were born between July 2015 and March 2016 in 10 different Brazilian states. The infants were examined between 0 and 10 months of age. Most (27/35) of the infants previously reported by Schuler-Faccini, Ribeiro, et al. (2016) were included in this study. In summary, and as detailed further below, the 83 infants included in the final analysis demonstrated cerebral calcifications, abnormal gyral patterns, and/or ventriculomegaly and increased extra-axial space, consistent with ZIKV congenital infection.
| Data collection, physical, and neurological examinations
All infants were examined by at least one clinical geneticist with experience in Dysmorphology, and, when available, their clinical photos, videos and brain imaging were reevaluated and discussed by others: at least 40 cases were examined by two or more clinical geneticists; three neonatal/pediatric neurologists also examined 68% of the infants. Clinical geneticists followed standardized protocols described below. Later in the study, changes were made to the exam protocol based on acquired experience.
Data collected included family history, prenatal information on maternal infection, exposures to other potential teratogens and diseases in pregnancy and TORCH serologies (toxoplasma, rubella, CMV, herpes simplex and syphilis). Z-scores were calculated for birth length (BL), birth weight (BW), and birth HC using InterGrowth reference charts (Villar et al., 2014) . The physical examination consisted of a full evaluation of major and minor birth defects following the methods and norms of dysmorphology. All clinical geneticists also performed a standardized neurological exam. Three neonatal/pediatric neurologists also reviewed clinical videos of some of the other infants that they had not examined.
| Eye exams
Complete ophthalmologic examinations performed in these infants will be published elsewhere.
| Brain and skull imaging
Cranial CT and/or MRI were available on all infants. Brain images were photographed and reviewed. Reconstructed CT of the skull were available for three infants.
| Confirmation of congenital infection by the ZIKV
Zika virus IgM enzyme-linked immuno-sorbent assay (ELISA) in cerebrospinal fluid (CSF) were available in 14 of these infants based on the current recommendations for diagnosis of congenital ZIKV infection (Cordeiro, Pena, Brito, Gil, & Marques, 2016; Russell et al., 2016) . 
| Statistical analysis
| RESULTS
The detailed data collected for each of the 83 cases is shown in Supplemental Table S6 .
| Family and pregnancy history
Fourth degree parental consanguinity (first cousins) was reported in only one case. No family history of microcephaly or developmental problems was elicited. A history of cutaneous rash (77%), associated with at least one additional symptom (73.5%) such as fever, conjunctival hyperemia, itching, or arthralgias lasting 2-4 days was recalled by the mothers of these infants. Fever had been low grade, and lasted 3-4 days. The recalled gestational ages of the presumed ZIKV infection ranged from 1 to 8 months of pregnancy, with a mean of 3.1 months.
Father's previous infection was not queried, though in two pregnancies fathers reported having a rash, while the mothers did not experience any symptoms. No exposures to known human teratogens were disclosed and none of the mothers had significant health problems affecting the pregnancy. TORCH serologies, available in the majority of cases, ruled out other congenital infections included in the TORCH panel in all of those tested. The study group included more female (47/83, 57%) than male infants. Prematurity (gestational age less than 37 weeks) was observed in 18 (22.5%) of all study newborns. Of those 18 infants, one was born at 31 weeks, another at 32 weeks, the remainder between 34 and 37 weeks (Table 1) . BW was missing in three infants, BL in six, birth HC in four. Although the majority of newborns had normal BL and BW, 41.8% had decreased length and 18.7% had weight values below −2 Z scores. The mean HC at term was 29.1 cm (−2.8 SD). HC was below −3 SD in 57.4% of the cases, but 24.6% of newborns did not have microcephaly (HC ≥−2SD). HC at the time of the exam identified microcephaly that was not present at birth in at least four infants included in the study. In many cases head size was difficult to measure due to the abnormal skull shape, particularly the occipital prominence. There were significant correlations between values of HC and BL (correlation coefficient 0.338, P = 0.003), and HC and BW (correlation coefficient 0.494, P = 0.001) ( Table 2 ).
| Dysmorphic features
The frequencies of all dysmoprpic features are shown in Table 3 .
| Face
A general appearance of craniofacial disproportion was identified in 76 infants (96%) in the study population. A small HC and a decrease in the vertical size of the skull were evident in most cases. The smaller skull resulted in a sloping forehead with prominence of the supraorbital ridges, creating the appearance of proptosis and oversized facial features. With the exception of a few outliers, the palpebral fissures, the inner-and outer-canthal distances, the length and configuration of the philtrum, the shape of the lips and the size and shape of the ears were all normal. The periorbital tissues appeared full in many cases, and the eyelashes long, although these observations were not quantified.
Epicanthal folds with bulging redundancy of the skin over the nasal bridge extending downward from the glabella were seen in four patients. A depression in the glabella region due to folding of the redundant skin was sometimes present. Retrognathia was present in 38.6%, and was most often mild. Only a few cases of severe micrognathia were seen, particularly in conjunction with arthrogryposis.
None of the children 6-10 months of age had erupted teeth. The alveolar processes were often broad posteriorly, creating an apparently narrow palatal vault and the sublingual frenulum was absent in 4/11 infants in which it was assessed (Figures 1 and 2 ; Tables 2 and 3).
| Skull shape
The fontanelles were very small or apparently closed at birth in 21 infants (25.3%), the sutures (coronal, temporal, lambdoid) were uneven or overlapping in 18 (21.7%), and the prominent metopic ridge gave an appearance of severe trigonocephaly in eight cases (9.6%). The bifrontal diameter was narrow with a central bulge and bilateral depressions were present in 56.6% of the patients. The parietal bones were also deficient often leading to a prominent sagittal suture. The superior half of the squamous portion of the temporal bones and the parietal bones were also depressed, creating what we termed a "supratemporal depression."
One particularly evident feature was posterior bulging of the occipital bone; the occipital prominence extended in the most severe cases 4-6 cm in the horizontal plane and 2-3 cm along the vertical axis of the back of the skull, but less so in most cases. The occipital prominence could be easily seen in 30% of the cases and felt in many more. Although one or more of these skeletal features were present in the majority of cases (69.7%), they were difficult to quantify, and appeared to follow a continuum. In the more severe cases the cranial anomalies were easily observed, including by palpation. Uneven and overlapped sutures were also obvious on simple CT and the shape of the skull confirmed its external evaluation when reconstructed 3D cranial CT studies were available as shown in Figure 3. 3.3.3 | Redundancy of the skin of the scalp and body There was loose and redundant skin in some area of the scalp in 67.4% of infants. The redundant skin was not thickened. In 38.6% of the infants, we were able to demonstrate redundant skin over the entire calvarium, with visible scalp rugae (cutis rugata), or occasionally with a (Figure 4 ).
Both the irregularities of the cranial shape mentioned above, and the redundancy of the skin were less severe in infants older than 3 months; a trend toward milder skull and scalp anomalies with time was noted by the examiners.
| Hair patterning and whorls
Hair patterns were observed as normal in 94%. However, in five cases (6%), abnormal scalp hair patterning such as frontal upsweeps, frontal hair whorls, double misplaced hair whorls, or excessively lateralized posterior hair whorls were identified ( Figure 5 ).
| Joint contractures, dimples, and creases
Significant contractures of at least one joint were present in 35/83 (42.1%), although Arthrogryposis multiplex congenita was seen only in 10% or cases. Wrist and digital contractures (wrist malposition and camptodactyly, 20.5%) and foot malposition (equinovarus to talus valgus, 15.7%), often not reducible, or a prominent calcaneous (7.2%), were seen. Abnormal hand creases, such as single transverse palmar creases, were seen in five cases. Deep palmar creases were often 
| Neurologic findings
Three main features were seen in most infants and were more evident in those younger than 3 months of age: alterations of motor activity (tone, posture, and motility), abnormal neurobehaviour, and excitability (Table 4 and Figure 7 ). There was poor and delayed overall response to contact with the examiner. Although visual tracking was usually present, it was inconsistent and of short durations. In some infants the eyes were often closed during the entire exam. Responses to auditory stimuli were present but occasionally appeared decreased or inconsistent.
Audiologic testing (otoacoustic emission and brainstem evoked responses BER or ABR test) have confirmed abnormal hearing in a few infants (results not shown).
Soon after beginning the physical exam, the babies demonstrated irritability with excessive crying, and were often inconsolable. The pattern of the cry was sometimes poorly modulated, and was often divided into short bursts that appeared monotonous. Umbilical hernias were present in many children with irritability and inconsolable crying.
Some mothers reported persistent crying for weeks with poor response to any soothing maneuvers. Coarse stimulus-sensitive tremor, excessive startles, and hyperactive myotatic reflexes and clonus were often elicited by the exam.
In infants older than 3 months, there was persistence of primitive neonatal responses (Moro, sucking, rooting, and tonic asymmetric response). Almost no spontaneous fidgety movements were observed in infants between 3 and 6 months. Spastic (16.9%) or dystonic (one case) movements and postures were observed. Acquisition of motor and behavioral milestones was markedly delayed in all cases. None of the infants examined after 6 months of age were able to hold a stable sitting position for more than a few seconds, Persistent and repetitive tongue thrusting was particularly evident even in the absence of external stimuli. Strabismus was observed in 10 cases (12%) and nystagmus in four cases (4.8%).
| Brain imaging
Eighty two infants had cranial CT, five had brain MRI. Some combination of characteristic abnormalities including multiple calcifications (92.8%), poor and abnormal gyral patterns (36.1%), ventriculomegaly and prominent extraaxial spaces (72.3%) and/or hypoplasia of the brainstem and cerebellum (16.9%) suggested prenatal infection consistent with ZIKV in all patients. There was in all cases a marked decrease in gray and white matter volumes, often with thinning or absence of the corpus callosum, and hypoplasia of the ventral pons (Table 5 and Figure 8 ).
No significant associations were found between the frequencies of dysmorphic, neurologic and abnormal neuroimaging features among the three groups of Z scores of HC.
| Viral serologies and viral detection
ZIKV specific IgM in CSF was determined in 14 infants. The antibodies were positive in 12 infants and negative in two. Specific The occipital prominence can be pronounced and evident on external inspection (A) and represents the parietal-occipital junction with a very hypoplastic occipital bone on reconstructed CT image (C). A frontal midline bulge is apparent due to significant depression of the lateral aspects on the frontal bone (B), which appear more depressed than the parietal bones along with obvious supratemporal depression on CT (C and D). The vertical dimension of the cranium is reduced and the parietal vault is narrow (B and D). [Color figure can be viewed at wileyonlinelibrary.com]
FIGURE 4 Redundant skin of the scalp creating transverse folds, that is,"cutis rugata" (A), or more cerebriform patterns, that is, "cutis gyrata" (B). In other cases, redundant skin is obvious only over the occipital region (C), or the glabellar region, where it can create several furrows (D) or a bulging single fold, with a crease above the nose. Epicanthal folds, and full periorbital tissues (E). The excess skin can be observed in the back as well (F Tables 2-5, for comparison with the total group.
| Health complications
The great majority of the infants were born healthy with no indication of altered function of any organ or system other than the nervous system, and experienced normal feeding and growth.
Some infants, particularly, but not only, those with arthrogryposis (9.6%), have had significant feeding difficulties and gastroesophageal reflux with aspiration, and a few have had serious respiratory complications. Some have been candidates for tracheostomy and G tube placement, procedures that have naturally elicited bioethical discussion among their health care providers and the children's families. In some cases, feeding difficulties appeared several weeks or months after birth.
Seizures developed, particularly at 3-6 months of age in several infants. Abnormal EEG's have been recorded in several cases, both with baseline alterations and epileptic seizure activity. The details on the neurologic follow-up of these infants will be published elsewhere. Assuming the current evidence as sufficient for causality, the phenotypes described in these 83 infants most likely result from ZIKV prenatal infection of the embryo and fetus (Brasil, Pereira, Moreira, et al., 2016; França et al., 2016 ; , 2016) . This study provides detailed insight into the range of the phenotypes observed in these infants.
| Main conclusions
The present study on the phenotype of these 83 infants has led to three main conclusions:
1. The phenotype resulting from ZIKV congenital infection is typically severe, and will significantly impact patients' future neurologic development.
2. This phenotype is frequently recognizable in infancy and can be defined as a disruptive sequence. That is, the teratogen ZIKV disrupts the development of the brain, producing a sequence of secondary anomalies that we term the "Embryo-Fetal Brain Disruptive Sequence by the ZIKV" (EFBDS-ZIKV).
3. There is a clinical range in terms of both the overall type and the severity of findings. All cases had significant cerebral lesions, but the spectrum ranged from absent/mild/moderate microcephaly without distinctive dysmorphic features to a more obvious phenotype of severe microcephaly frequently associated with the appearance of collapse of the skull and skin redundancy, sometimes with arthrogryposis. Skull abnormalities were present in 69.7%, redundant skin was present in 67.4%, but these signs were often subtle. The most severe phenotype of the previously described Fetal Brain Disruption Sequence (FBDS) (Corona-Rivera et al., 2001; Moore, Weaver, & Bull, 1990; Russell, Weaver, Bull, & Weinbaum, 1984) 2016; Carvalho, Cordeiro, et al., 2016; Suy et al., 2016) . ZIKV specific IgM is present in the infant's serum but its presence in CSF has become the gold standard for proving CNS infection in affected newborns (Cordeiro et al., 2016) shown that ZIKV infection at any time of gestation up to 39 weeks can affect the fetus (Brasil, Pereira, Moreira, et al., 2016) .
It is important to recognize that, because of the experience acquired in evaluating the initial patients, all patients were not evaluated using the same protocol. This may have led to underrecognition of some features in earlier examined infants. In our opinion, this does not alter the qualitative evaluation of the overall findings. The expertise of clinical geneticists and pediatric neurologists in the recognition of many subtle features enhance the descriptive detail of previous studies, including case reports and case series Culjat et al., 2016; França et al., 2016) .
We also believe that our study is biased toward children at the most severe end of the phenotypic range. A review of multiple previous reports has described the most apparent and severe phenotypes (Moore et al., 2016 of the exposed live-born infants). This new evidence highlights the fact that our initial criterion for ascertainment of infants with a HC ≤33 cm biased our study toward the more severely affected cases.
Finally, our follow-up data is still insufficient to delineate the postnatal history of the disorder, but our preliminary insight into the health complications in these infants may lead to improved surveillance, recognition, and treatment of the most common medical problems.
Larger datasets have proven that fetal and neonatal mortality rates are increased (França et al., 2016) . Impaired somatic and head growth and has been observed in this study, and reported in others (Moura da Silva et al., 2016) . Referral to the CDC recommendations for follow up and management of infants with congenital ZIKV infection is appropriate until further evidence becomes available (Russell et al., 2016) .
| The significance of the findings
The observed dysmorphic and neurologic phenotypes merit interpretation, based both on knowledge of embryonic and fetal development and on the evidence generated in the literature since the onset of this epidemic.
| Prenatal and postnatal growth
Prenatal growth in length and weight are affected in our series of 83 live newborns. One obvious reason for a possible decrease in length and weight is the significant decrease in the size and weight of the cranium and brain in these infants, as evidenced by significant correlation among measures of HC and BL and BW. However, it is important to recognize that past attempts to correlate measures of HC and somatic growth in healthy infants have been problematic (Illingworth, 1965; Nishi et al., 1992) . Clearly, the difficulties in estimating the decrease in volumes and weights of the cranium and brain in these infants with standard measures of HC contribute to the difficulty in determining whether somatic growth is in fact independently affected by the ZIKV prenatal infection. However, some features in these infants suggest that growth deficiency is a feature of this condition. For example, the observed redundant skin folds over the body may point to an arrest or a decreased rate in somatic growth some time during pregnancy. Hydrops including subcutaneous edema has been reported in some affected fetuses and could also lead to redundant skin (Sarno et al., 2016) . Recent prenatal studies confirm IUGR can occur and can be severe . ZIKV infection of the placenta and the fetal membranes has been demonstrated in multiple reported cases of abortion and stillbirth. ZIKV prenatally infected mice have IUGR indicating that placental infection leading to placental inflammation and dysfunction has an impact on fetal growth and viability (Brasil, Pereira, Raja Gabaglia, et al., 2016; Cugola et al., 2016; Driggers et al., 2016; Sarno et al., 2016; van der Eijk et al., 2016) .
In the recent prospective study from Rio de Janeiro, only 8.6% of infants were reported as small for gestational age (<−1.28 SD), versus DEL CAMPO ET AL.
| 851 5.3% in the non-exposed groups. Median BW did not differ significantly among the exposed and non-exposed groups. Transient decelerations in fetal growth with later catch-up in pregnancy were observed in several cases (Brasil, Pereira, Moreira, et al., 2016) .
Prematurity in our series was increased over the reported rate in
Brazil, but was not extreme, in agreement with other studies (Brasil, Pereira, Moreira, et al., 2016; Leal et al., 2016) . In other congenital infections such as CMV, also approximately one-third of affected live born infants have a gestational age less than 37 weeks (Alarcon et al., 2013) .
4.3.2 | Microcephaly, cranial shape, redundant scalp, and hair patterning
Microcephaly was the main observable feature in affected infants, in part due to our inclusion criteria. The findings are consistent with other larger epidemiologic reviews, with one-third of cases presenting without microcephaly at birth (Microcephaly Epidemic Research Group, 2016; Schuler-Faccini, Ribeiro, et al., 2016) , but much higher than the 3.4% in the recent study in Rio (Brasil, Pereira, Moreira, et al., 2016) . Due to the abnormal skull morphology, particularly the occipital prominence, the ability to measure HC was problematic, which may offer an explanation for the discordant rates of microcephaly among different studies. Moreover, HC does not appear to be a good measure of brain size in these infants. Although the shape of the cranium is variable among cases, there is almost always a subjective decrease in the vertical size of the cranium in addition to the reduction of the occipito-frontal circumference. This may explain why we did not demonstrate statistically significant phenotypic differences in the dysmorphic and neurologic variables among the three ranges of HC in this study.
The overall shape of the cranial vault, including the overlapping and early ridged sutures, often with closed fontanels, and the abnormal bony prominences in the frontal, temporal, and occipital areas, are the most characteristic features of the skull of these infants and merit speculation. The bones of the membranous neurocranium (frontal, parietals, the squamous portion of the temporal bones, and the occipital bones) are all subjected to disrupted growth and deformation, due to the decreased and abnormal growth of the underlying brain, or to an actual decrease in brain size. In contrast, the bones of the cranial base, which undergo endochondral ossification, and are attached to the viscerocranial facial bones (Sadler, 2015) , appear unaffected, leading to normal facial size and structure.
In most of these infants, the frontal bone is depressed on both sides; deficiency of the squamous portion of the temporal bones and the parietal bones create supratemporal depressions above the apparently preserved volume of the lower portion of the temporal bones. Posteriorly, the occipital bone appears to collapse and wrinkle in its vertical dimension creating the occipital prominence ( Figure 4 ).
As the overlying head shape reflects the underlying brain, these shapes may reflect those areas of the developing brain that are most affected.
The scalp, particularly at the forehead and nuchal areas, is loose and redundant, creating abnormal configurations and folds where the cranium is most deficient and misshapen (Figure 3) . This redundancy appears to be the mechanism leading to the epicanthal folds and the full periorbital tissues seen in some patients.
Our current knowledge does not allow us to answer the question of whether the abnormal shape of the bones making up the calvarium and the redundant scalp are the consequence of an acute decrease in brain size related to a sudden decrease in intracranial pressure at some point in pregnancy, or rather that the collapsed appearance of the bones and the disproportionate growth of the skin are slow and progressive.
In most infants affected by genetic conditions associated with microcephaly, these alterations in bone and skin described in ZIKV infants are not seen. For example, in babies with severe primary microcephaly, the surface of the skull is smooth and the intracranial volume is globally decreased, with posterior sloping of the forehead, and normally tight skin over the cranial vault (Verloes, Drunat, Gressens, & Passemard, 1993) . In those cases, the brain is programmed to be small, and appears to lead to a synchronic and proportionate Interestingly, most children in this ZIKV group have normal hair patterning. The patterns of hair of the scalp depend on growth of the underlying brain. Normally, the scalp hair sweeps down in the frontal area, and there is a single posterior hair whorl. Any deviation from this pattern is infrequent and merits consideration of an underlying brain defect (Furdon and Clark, 2003) . These patterns are established before 16 weeks of gestation, and depend on brain growth from 10 to 16
weeks (Smith and Gong, 1973) . According to our observation, the period of pregnancy when this phenotype appears in the fetus is usually later than 16 weeks. In agreement with this observation, prenatal imaging studies have identified abnormal brains and skull shapes of infected fetuses in the second half of the pregnancy (Brasil, Pereira, Raja Gabaglia, et al., 2016; Carvalho, Cordeiro, et al., 2016) .
We observed abnormal hair patterns in five cases ( Figure 5 ), which suggests that, in those cases, the onset of events leading to these dysmorphic features must have occurred prior to 16 weeks gestation.
Those five cases with abnormal hair patterns have severe microcephaly and neurologic impairment but only had mild features, possibly suggesting collapse of the skull. When recalled, gestational age of maternal infection was in the first trimester in these cases. They may represent a phenotype consistent with earlier infection, affecting brain growth at the end of the embryonic period.
| Joint contractures
The third set of important features involves joint abnormalities. In normal fetal development, joint development is dependent on normal fetal activity. In the case of ZIKV infection, decreased fetal activity results from disruption in brain development. Mild cutaneous features at the joints, such as multiple and large dimples or creases, foot malpositions and hand contractures, were seen frequently ( Figure 5) . A smaller proportion of cases (10%) had definite interruption of fetal movement leading to generalized arthrogryposis, as noted in other studies (Moura da Sarno et al., 2016) . Cutaneous dimples at the joints are known to occur when movements are decreased in arthrogryposis syndromes, leading to sustained positioning that favors the adherence of the skin to the bone (Kumar, Kanojia, & Saili, 2014) . Even when mobility is normal at birth, dimples and abnormal foot and hand positions appear to reflect periods of decreased movement in utero. In most cases of genetically determined congenital arthrogryposis, wrist, and finger contractures determine abnormal palm and finger creases. The digital creases are present in the skin before 9-10 weeks of gestation (Kimura and Kitagawa, 1986) .
Palmar creases appear later, before 13 weeks (Stevens, Carey, Shah, & Bagley, 1988) . In most cases of camptodactyly in these infants, faint creases were seen even in immobile joints, suggesting immobility occurred after normal movement had started at 9 weeks. (Figure 5 ). In at least two cases the presence of normal interphalangeal creases and abnormal palmar creases may date the onset of immobility to between 9 and 13 weeks. Also, tight and webbed skin over the joints or pterygia in many conditions with arthrogyposis suggest fetal movement never occurred. In cases of arthrogryposis identified in this study, no pterygia were found, indicating the onset of immobility must have occurred after the onset of fetal movement. Finally, the deep palmar creases seen in many infants with and without contractures suggest sustained spastic clenched positions of the hands in utero. When comparing fetuses with and without contractures, a specific gestational age of recalled maternal infection at which arthrogryposis occurred could not be identified in this study. In general, our observations indicate that onset of immobility occurred in the second trimester. Two other features may reflect abnormal intrauterine movements. Micrognathia was more severe in fetuses with arthrogryposis but milder degrees were seen in many infants without arthrogryposis. Also, the broad alveolar ridges observed may represent decreased tongue movements during some time in pregnancy (Hanson, Smith, & Cohen, 1976) .
Interestingly, the absence of the lingual frenulum is characteristic of 
| Neurologic phenotype
This study provides a description of the major anomalies in neurologic functions in these infants. In agreement with findings on neuroimaging in this series and others and with the pathology of the CNS in other studies, the neurologic consequences of ZIKV congenital infection are devastating, sicne all major cerebral functions are compromised (Martines et al., 2016; Melo et al., 2016) . 
| Ocular findings
Finally, ocular findings observed in patients in the present series are similar to findings previously observed and will be reported in detail elsewhere (de Paula Freitas et al., 2016; Ventura, Maia, Bravo-Filho, et al., 2016 , Ventura, Maia, Travassos, et al., 2016 . In some cases poor visual function was evident on exam, with poor fixation and tracking. Also, some infants had microphthalmia, strabismus, or obvious nystagmus. The eye is an additional target of the ZIKV infection, in part related to cerebral damage, but also due to specific involvement of the intraocular structures, particularly the retina.
Data on hearing deficits were not specifically assessed in this study.
Others have reported sensorineural hearing loss in a few cases (Carvalho, Ferreira, et al., 2016; Microcephaly Epidemic Research Group, 2016) .
In 1984, a similar clinical pattern of sporadic congenital defects was described in three cases as the FBDS (Russell et al., 1984) . The authors hypothesized that in utero brain disruption or destruction resulting from prenatal viral infection, vascular insult, or hyperthermia, after the 12th week of pregnancy, followed by diminished intracranial pressure, could lead to collapse of the fetal skull. FBDS has been rarely described, often with calcifications and very similar brain imaging findings to those we report here, and has been usually interpreted as a sporadic condition with poor prognosis and low recurrence risk (Bonnemann & Meinecke, 2000; Corona-Rivera et al., 2001; Hughes, 1986; Moore et al., 1990; Villó, Beceiro, Cebrero, & de Frias, 2001 (Alexander, Tauro, & Bankier, 1995; Paciorkowski et al., 2013; Schram et al., 2004) . The dysmorphic phenotype in those cases is similar in terms of cranial and scalp anomalies, but is proposed to occur by an arrest in brain development rather than a destruction, at least in some cases ( reported, were significantly different from those we identified in ZIKV prenatally infected infants. Therefore, even though the visible cranial phenotype of the FBDS appears to be similar, ZIKV appears to disrupt brain development in a specific manner. The details of these processes are being studied in different model cells, organoids and live organisms (Cugola et al., 2016; Dang et al., 2016; Dudley et al., 2016; Goodfellow et al., 2016) .
Unlike some other congenital viral infections able to affect multiple organs and tissues, ZIKV appears to have tropism for a limited number of tissues, and demonstrates particular neurotropism (Cordeiro et al., 2016; Hazin et al., 2016; Mlakar et al., 2016; Tang et al., 2016) . Damage by the ZIKV to the nervous system was initially observed in experiments involving the intracerebral inoculation of newborn mice (Bell, Field, & Narang, 1971) . Similar lesions in the neuronal tissues were recently observed in the human fetus and in murine models (Cugola et al., 2016; de Fatima Vasco Aragao et al., 2016; Driggers et al., 2016; Huang, Abraham, Shim, Choe, & Page, 2016; Li et al., 2016; Mlakar et al., 2016) .
Recent work in ZIKV infected brain organoids and mice suggest that infection of neuronal progenitors causes activation of specific receptors involved in innate immunity, and activates specific genetic pathways that change the fate of neural cells (Dang et al., 2016; Zhang et al., 2016) .
Apoptosis and autophagy of these neural progenitors appear to underlie the severe disruption in neural development by the ZIKV, and the period of maximum brain growth appears particularly susceptible to effects of the infection (Huang et al., 2016) . The process from the initial brain infection to widespread neuronal death may be slow, as reflected by the detection of brain abnormalities on prenatal ultrasound many weeks after the onset of maternal infection (Brasil, Pereira, Raja Gabaglia, et al., 2016) . The sequence of events affecting brain growth, structure and function during this long period of 10 weeks or more is still unknown.
This study suggests that many of the dysmorphic features observed occur in the second trimester of pregnancy. The presence of abnormal palmar creases and hair patterning indicates fetal immobility and suggests that abnormal growth of the brain may be occurring earlier in pregnancy, in the late embryonic period in some patients.
| IMPLICATIONS OF THIS STUDY FOR CLINICAL CARE AND FUTURE RESEARCH
As clinicians and clinical researchers, we need to improve our ability to define what contributes to the variable severities of ZIKV brain damage and other phenotypic manifestations. The fact that we failed to identify significant associations between the recalled age of maternal infection and phenotypic expression in patients suggest that improved documentation of the onset of maternal infection will be helpful to better address this question. Routine viral and immunologic studies during pregnancy in affected areas are necessary to determine the rate of birth defects in exposed fetuses and newborns, as well as the impact of infection at different times in pregnancy. Recent studies identify very different outcomes in ZIKV infected pregnancies. The study in Rio identifies 46% of affected fetuses and live-born infants after infection in all three trimesters of pregnancy, whereas in a study of 442 pregnancies in the United States, only 6% had birth defects, and only after infection in the first trimester (Brasil, Pereira, Moreira, et al., 2016; Honein et al., 2017) .
We pointed out that measurements of HC are difficult and imprecise in these patients and likely inadequately represent brain volume. Better external measures of intracranial volume should be proposed, given the abnormal shapes of the skull in these patients.
Possible modalities include 3D imaging of the face and reconstructed 3D scanning of the head. Where advanced neuroimaging is available, MRI with segmentation of brain volumes (Anbeek et al., 2013 ) may be better able to correlate specific measures with neurologic outcome.
In order to detect prenatal infection of the fetal brain as early as possible, improved identification of cranial and brain lesions should be sought utilizing 3D ultrasound and fetal MRI (Rochelson, Vohra, Krantz, & Macri, 2006) . Our observations suggest that closer follow up of the rates of brain growth and more suitable measurements of the fetal head will aid in early prenatal detection The qualitative observation and quantification of fetal movements with 4D ultrasound (Kurjak et al., 2008 ) may also aid in early prenatal detection of functional neurologic damage to the fetus. This study also indicates that, detailed physical and neurologic evaluations of the affected infants by expert clinicians, and objective measures and scales of severity for both the dymorphologic and neurologic phenotypes, will be essential for the assessment of outcome and for the identification of prognostic factors.
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